Background: Craniocervical junction (CCJ) anomalies and secondary syringomyelia are commonly diagnosed in Cavalier King Charles spaniel (CKCS). Familiarity with the natural history of these abnormalities is vital to understanding the disease syndrome.
C raniocervical junction anomalies frequently are diagnosed in small and toy breed dogs, particularly the Cavalier King Charles spaniel (CKCS) breed. [1] [2] [3] [4] [5] [6] These can include Chiari-like malformations (CM), 3, [5] [6] [7] medullary elevation and herniation at the CCJ, 1, 3, 4, [8] [9] [10] dorsal atlantoaxial bands, 2, 3, 8, [11] [12] [13] atlantooccipital overlapping (AOO), 7, 8, 14 and secondary syringomyelia. 2, 4, 7, [15] [16] [17] Magnetic resonance imaging (MRI) of the brain and cervical spinal cord allows the diagnosis of each of these, whereas objective measurements are used to evaluate their severity (eg, cerebellar compression index, dorsal compression and medullary kinking indices, and obex position measurements). 2, 4, 8 These anomalies frequently occur concurrently and may be clinically silent, [2] [3] [4] 6, 15, 16 but they have been associated with a wide spectrum of clinical signs; the most common of these is neuropathic pain 4,7,18,a In CKCS, where the prevalence of CM is estimated to be as high as 99%, 19 and the prevalence of asymptomatic syringomyelia as high as 70% by 6 years of age, 6, 15, 16 abnormalities of the CCJ often are diagnosed during MRI screening of asymptomatic dogs before breeding, or when evaluating the brain or cervical spine for an unrelated disease (eg, intervertebral disc disease).
To guide treatment decisions and prognosis in symptomatic dogs, practitioners need an understanding of the natural history of the disease. For those in which CCJ anomalies are diagnosed incidentally, an appreciation of the long-term clinical relevance of these incidental findings is vital to our understanding of this disease syndrome and may influence breeding guidelines. Specifically, it is necessary to develop a better understanding of the correlation between morphologic findings at the CCJ on initial imaging and future clinical status. We hypothesized that structural changes identified on MRI of the CCJ in young dogs would be predictive of the development and worsening of both clinical signs and syringomyelia over time in CKCS. In this exploratory study, we utilized longitudinal evaluations of both clinical status and morphology in affected and unaffected CKCS imaged ≥3 years previously to identify imaging predictors of clinical status (ie, the presence and severity of neurologic signs) over time. Because syringomyelia presence and severity are highly correlated with the presence and severity of clinical signs, a predictors of syringomyelia progression also were evaluated longitudinally.
Materials and Methods

Animals
We followed a cohort of dogs imaged in a prior study 3 of the morphology of the CCJ in CKCS (henceforth referred to as MRI1). The owners of these CKCS were contacted by telephone, email, online breed-associated groups, contacts associated with CKCS clubs, and the CKCS breeder community. To account for dropout, additional CKCS (n = 17) were recruited from patients presented to the Cornell University and North Carolina State University veterinary teaching hospitals, breed-associated clubs and online groups (Fig 1) . Enrollment inclusion criteria included: age > 5 years, history of MRI of the CCJ ≥3 years before participation, access to complete (initial) MRI study, and CKCS breed. Dogs that had died or had been euthanized were enrolled in the clinical assessment portion of the study if >3 years had elapsed between the initial study and the time of death or euthanasia. Thus, 2 groups of dogs were studied: the first group had 2 MRIs performed and was used to study both predictors of the progression of clinical signs and anatomical changes on MRI over time. The second group had an initial MRI and provided clinical follow-up, and could be used to study predictors of clinical progression only. Outcomes studied, therefore, included the development of clinical signs, changes in severity of clinical signs (ie, change in neurologic grade), development of syringomyelia, and changes in severity of syringomyelia (ie, syringomyelia grade).
Clinical and MRI Assessment
Upon enrollment, owners completed a questionnaire evaluating their dog's current clinical status (ie, the presence and severity of neurologic signs) and treatment history (see Data S1) and Fig 1. CONSORT-style diagram. This flowchart illustrates the recruitment, loss to follow-up, and study group assignment of initial and current study participants. underwent a telephone interview to further describe clinical status. For dogs no longer alive, we asked owners to describe the dog's clinical status just before death or euthanasia. Questionnaire responses were used to assign each participant a neurologic grade between 0 and 5 (Table 1 ) and a neck pain grade (NPG) between 0 and 3, as follows: NPG 1: signs of neck pain observed by owner but not evident on examination, or mild neck pain elicited on deep palpation of the neck; NPG 2: neck pain elicited on palpation but not evident in the dog's posture and movements; NPG 3: neck pain elicited with minimal neck palpation, neck guarding (eg, stops its own shaking of the head immediately after starting, neck held rigidly or straight). These grades were compared to grades assigned at the time of MRI1 to evaluate for changes in clinical status.
Dogs that could safely undergo anesthesia underwent a second MRI (MRI2). Physical and neurologic examinations were performed by investigators SCG and NJO to ensure systemic health and to evaluate for neurologic deficits and evidence of neuropathic pain (eg, dysesthesia, allodynia, and hyperesthesia). Exclusion criteria for imaging consisted of preanesthetic CBC, serum biochemistry panel, or physical examination findings contraindicating anesthesia, a heart murmur grade >4 of 6 without clearance from a veterinary cardiologist, or evidence of clinically apparent cardiac disease (eg, coughing, tachypnea).
Dogs were anesthetized and positioned in sternal recumbency for imaging, in the same manner as in MRI1.
3 Two 1.5 T MRI units were used for imaging.
b Padding was used to position the CCJ in flexion to imitate a normal standing position, as described previously. 3 Flexed head angles were compared with those of initial imaging at the start of the dog's second imaging study; dogs were repositioned as needed to ensure head angle did not vary >20°between studies. Sequences obtained included T1-and T2-weighted sagittal and T2-weighted transverse images of the brain, CCJ and cervical spine. The head and neck then were positioned flat on the table, with the CCJ in extension. Sequences obtained in extension included T2-weighted sagittal and T2-weighted transverse images of the CCJ. The latter were included for analysis in dogs that initially had (MRI1) been imaged in extension (ie, those newly recruited).
All imaging studies then were loaded onto an open-source DICOM viewer c for analysis. The following morphologic assessments were made: presence or absence of a CM (defined as cerebellar herniation or indentation and absence of cerebrospinal fluid at the level of the foramen magnum), 3, 20 cerebellar herniation, cerebellar indentation, medullary position (ie, medullary kinking index, medullary angle, and obex to foramen magnum measurements), 4, 8 presence or absence of AOO in dogs that initially had been imaged in extension, 8, 14 dorsal atlantoaxial band presence or absence, and severity (ie, grade, dorsal compression index), 2, 8 and syringomyelia presence, absence, grade, and height (Table 2) . 3 Caudal cranial fossa and total cranial fossa volumes also were determined, as previously described. 3 Finally, we assessed the relative volume of the caudal fossa, in relation to total cranial cavity volume. A single observer (SCG) evaluated both initial and new imaging studies.
Data Analysis
Statistical analysis was performed using SAS software, using planned comparisons.
d Data type, classification, and data units are detailed in Table S1 of the Supporting information. The significance level for this study was set at .05; P-values reflect adjustments for multiple comparisons, using the Bonferroni-Holms stepdown adjustment method. Due to the exploratory nature of this study, raw P-values are reported alongside adjusted P-values in Table 3 , with the aim of identifying variables that merit further investigation. 21 Volume measurements were repeated at an interval of >4 months between evaluations. These were used to perform an assessment of intraobserver reliability for cranial and caudal fossa volume measurements using PROC CORR to calculate Cronbach's coefficient alpha.
Wilcoxon nonparametric tests were used to compare continuous measurements across 2 groups (eg, severity of syringomyelia) and Kruskal-Wallis tests were used for comparisons across >2 groups (eg, neurologic grades). Specific statistical tests used to compare individual morphology and clinical status between first and second evaluations are summarized in Table S1 of the Supporting information.
To examine whether morphology identified on MRI1 could predict either the development or progression of neurological signs and syringomyelia, we assessed the relationship between CCJ morphologic findings at MRI1 and changes in clinical status (ie, presence, absence, and severity of neurologic signs), syringomyelia or both at the current evaluation. This assessment was evaluated in both the cohort of dogs that had 2 MRIs and the cohort that provided clinical follow-up only after the first MRI (MRI1). First, the relationship between morphology at MRI1 and changes in clinical status from an asymptomatic to a symptomatic status (ie, change from initial neurologic or NPG of 0 at MRI1 to a neurologic or NPG > 0 at second evaluation) was assessed in initially asymptomatic dogs using Fisher's Exact and Table 1 . Grading of clinical signs by neurologic score. This grading system was chosen to maintain consistency with the grading system used in the dogs' initial clinical evaluation (ie, to allow comparison between initial and current neurologic grades for individual dogs). 
Results
Cohort Characteristics
Of the 64 CKCS initially imaged, we were able to reach the owners of 55 dogs by telephone or email (86%); the remaining 9 dogs were lost to follow-up. We enrolled an additional group of 17 CKCS all of which underwent a second MRI, resulting in a total cohort of 72 dogs (Fig 1) . Of these 72 animals, 36 were both reimaged (ie, MRI2) and provided clinical status data; the remaining 36 dog owners declined repeat imaging. Eighteen of those who declined imaging still completed a clinical status questionnaire. This resulted in a total of 54 dogs with a re-evaluation of clinical status (36 + 18). Reasons for owners declining imaging included: cardiac disease (2), advanced age (4), or change in ownership (6); for 6 dogs the reason was not declared. Seventeen dogs had died or had been euthanized before the study (Table 4) . Of these, 3 (6% overall) were euthanized before of worsened signs of neuropathic pain, cervical myelopathy or both.
Clinical Progression (n = 54) See Table 5 and Figure 2 for cohort characteristics at initial and re-evaluation. The neurologic grades of symptomatic dogs at the time of final evaluation ranged in severity as follows: grade 1, 4 dogs; grade 2, 5 dogs; grade 3, 15 dogs; grade 4, 1 dog; and grade 5, 2 dogs. Among initially symptomatic dogs, 9/16 (56%) had worsened their clinical status, 2 (13%) had improved with medical management, and 5 (31%) were unchanged. Time between evaluations did not differ significantly between those with worsened signs (mean time between evaluations, 5.9 years) and those without clinical worsening at their final evaluation (mean time between evaluations, 6.0 years; P = .9187).
Of the 38 initially asymptomatic dogs, 12 were symptomatic by their second evaluation (32%), with neurologic grades ranging from 1 to 3. Twelve dogs were being treated with analgesic medications at the time of enrollment, 7 of which had been receiving them since MRI1. Analgesics included gabapentin, pregabalin, and tramadol. One dog received prednisone (MRI1 group) in addition to analgesics, whereas 2 others received omeprazole regularly. Maropitant was administered intermittently to a single dog, on days in which the dog appeared acutely in pain. Numbers within each of Columns 2 and 4 represent the number of dogs falling into each "Primary Reason" category. Age at the time of death or euthanasia (years of age) is also described, for dogs whose owners provided this information (Column 3). 
Relationship between Initial Morphology and Clinical
Status (n = 54)
Intraobserver reliability for caudal and cranial fossa measurements demonstrated excellent internal consistency (a = 0.89 and 0.99, respectively). Morphology at MRI1 was not associated with the development or worsening of clinical signs by the time of re-evaluation in this cohort (see Table 3 ).
Relationship between Initial CCJ Morphology (MRI1) and Syringomyelia at MRI2 (n = 36)
Neither the presence nor the severity of CCJ morphologic abnormalities detected at MRI1 was associated with the development of syringomyelia by MRI2 in animals that did not previously have this finding.
Morphologic abnormalities, similarly, did not predict the worsening of pre-existing syringomyelia by MRI2. The only relationship that arose as a potential area for further evaluation on evaluation of raw P-values was that between a larger foramen magnum height at MRI1 and increased syringomyelia grade (P raw = .015, P a = .210) and height (P raw = .037, P a = .518) by MRI2, although this relationship was not significant after adjustments for multiple comparisons.
Changes in Morphology between MRI1 and MRI2
(n = 36)
The morphologic characteristics of imaging studies are presented in Table 6 . All syringomyelia grades were seen in MRI2 studies (grade 1, 6; grade 2, 10; grade 3, 10). Syringomyelia was seen in 8/15 asymptomatic dogs Refers to dogs that were symptomatic at first evaluation. (53%) on MRI2, all of which were also asymptomatic on initial evaluation. These 8 asymptomatic dogs with syringomyelia at re-evaluation included 5 dogs without evidence of syringomyelia on initial imaging, 2 dogs with previously diagnosed syringomyelia that was unchanged in its severity, and 1 dog with a 1-grade improvement in syringomyelia severity. In the latter case, because of the dog's asymptomatic status, treatment had not been pursued between evaluations (medical or surgical). Conversely, 3 of 21 symptomatic dogs (14%) did not have syringomyelia at MRI2. Lastly, the relative volume of the caudal cranial fossa increased between MRI1 and MRI2.
Discussion
Our study showed that CCJ morphologic abnormalities, although common in CKCS, do not predict development of clinical signs in asymptomatic dogs, nor do they predict overall clinical worsening in this breed. Thus, in our cohort, approximately two-thirds of asymptomatic dogs remained asymptomatic throughout the study period, despite the majority (>80%) having shown CCJ morphologic abnormalities on initial imaging. Previous studies in CKCS have shown a similar absence of correlation between clinical status at the time of imaging and the presence and severity of cerebellar herniation (presence and length), 3, 5, 6, 22 ,a cerebellar indentation, 3, 5, 6, 22 and foramen magnum height. 3, 7, 23 One study, 6 in fact, recently suggested that cerebellar indentation and impaction (ie, triangulation) should be considered a "normal" anatomic variation inherent to the CKCS breed, because of its high prevalence in asymptomatic CKCS. Similarly, cerebellar herniation associated with a Chiari type 1 malformation has a benign natural history in asymptomatic children. 24, 25 in whom, cerebellar herniation does not predict the development of clinical signs over time. 24, 25 In contrast, syringomyelia has been identified previously as the primary factor associated with the presence and severity of neuropathic pain at the time a dog is initially imaged, 3, 26, 27 although dogs with CM also can demonstrate signs of neuropathic pain in the absence of syringomyelia. 28 This is proposed to result from damage to the dorsal horn parenchyma of the cervical spinal cord, and resultant changes in neurotransmitter concentrations within the affected cord. 27 In our study population, although there initially appeared to be a relationship between syringomyelia and both the development of new symptomatology and the worsening of pre-existing signs in symptomatic dogs on raw P-value analysis, this relationship was lost after correction for multiple comparisons. This finding suggests a need for further exploration of the relationship between syringomyelia and future symptomatology over time, employing a larger cohort of dogs with syringomyelia present at their initial evaluation.
Similarly, although the presence of atlantoaxial bands and AOO initially appeared to predict worsening of neck pain over time, this relationship was lost after adjustment for multiple comparisons, suggesting a potential need to evaluate the relationship further in a larger cohort. This finding, along with reports demonstrating a relationship between atlantoaxial bands and both the presence and severity of signs at the time of imaging, 2 suggests a need to further evaluate the relationship between bands and clinical status over time. Atlantooccipital overlapping, in turn, had been Significantly different findings at MRI2 are specified along with associated P-values. Bonferroni-corrected significance levels are also specified for each significant relationship. The prevalence of both dorsal bands and atlantooccipital overlapping is reported only in dogs imaged in extension due to the influence of head position on the severity of these conditions. suspected to contribute to chronic neuropathic pain and acute pain events, but this has not yet been demonstrated.
14, 29, 30 The onset and worsening of neurologic signs over time in our cohort occurred alongside increased syringomyelia prevalence (from 42 to 72%) and worsened grade, height, and length of syringomyelia over time, although predictors of syringomyelia development and worsening were not identified. Together, these findings emphasize the need to interpret CCJ morphologic abnormalities with care, particularly in asymptomatic dogs and in those that have not yet developed syringomyelia.
Overall, although approximately half of our symptomatic dogs worsened over time (56%) throughout this evaluation period, few did so to a degree warranting euthanasia (6%), and approximately one-third of symptomatic dogs remained unchanged. This finding corresponds with previous reports of symptomatic CKCS treated medically, in which worsening was seen in 25 15 to 75% 31 of CKCS, and euthanasia because of neuropathic pain was reported in 15 31 to 20% 15 of the overall population an average 3-5 years after their initial evaluation. Overall rates of death or euthanasia, in turn, reportedly ranged from 25 31 to 65% 15 in these longitudinal studies (mean ages of 7.7 and 11 years, respectively).
When these outcomes are compared to reports of postsurgical results, medical and surgical management do not appear to differ in the longer term. Although some degree of postoperative improvement is seen initially in the majority of cases after foramen magnum decompression, 11, [32] [33] [34] this is followed by recurrence or worsening of signs in 25-53% 11,32-34 by 3 years postoperatively. Scratching and head rubbing also do not improve to the same extent as pain level after surgery. 11, [32] [33] [34] Such prognostic data are essential to consider when owners are faced with the decision of whether to pursue medical or surgical management for symptomatic dogs, particularly if clinical signs are mild.
Lastly, our study supports the previously proposed dynamic component to cranial cavity volumetry, 23 in the form of increased caudal cranial fossa volumes over time. As a preliminary hypothesis, it has been suggested that skull morphology in this breed may change in response to the pulsatile movement of the cerebellum against the supraoccipital bone, leading to increased bone resorption surrounding the foramen magnum. 23 Enlargement of the caudal cranial fossa, in turn, has been proposed to cause rostral angling of the tentorium cerebelli in CKCS, in comparison to other breeds. 35 Such alterations in tentorium positioning could play a role in the decrease in rostral cranial fossa volumes observed in our study.
The relationships that were significant when looking at raw P-values, alone, highlight morphologic features that warrant further investigation into their role in the development of changes in clinical status over time, including syringomyelia, dorsal atlantoaxial bands, and AOO. Evaluating these relationships longitudinally in a larger cohort of CKCS potentially could help overcome the decreased the ability of our study to detect significant relationships because of a smaller sample size. This type of longitudinal study is difficult to perform in large numbers of dogs, but a multi-institutional collaboration may facilitate completion of a larger case cohort study.
Additional limitations of this study include the questionnaire-only based clinical re-evaluation used in the majority of dogs that were not reimaged. In comparison, neurologic examination findings were used alongside questionnaire responses in reimaged dogs. Sampling bias could have been introduced as a consequence of the self-selection of owners for participation in the study resulting in an inability to reimage all of the original participants. The motivations for an owner to take part could have varied widely from a desire to show a lack of progression to a desire to investigate clinical deterioration. However, the relationship between time to re-evaluation and changes in clinical status did not differ significantly between those with worsened signs and those without clinical worsening (P = .9187). Lastly, not having evaluated the thoracolumbar spine could have resulted in an underestimation of syringomyelia severity.
Conclusions
Craniocervical junction morphology assessed in our study did not appear to predict the development of new and worsened clinical signs or syringomyelia over time in our cohort of CKCS. The relationships between clinical progression and syringomyelia, AOO, and dorsal bands should be evaluated further in a larger cohort of dogs. Clinical progression in our cohort of medically managed CKCS did not differ substantially from published reports of those treated surgically. 
Footnotes
